The proteasome is assembled via the nine-subunit lid, nine-subunit base, and 28-subunit core particle (CP). Previous work has shown that the chaperones Rpn14, Nas6, Hsm3, and Nas2 each bind a specific ATPase subunit of the base and antagonize base-CP interaction. Here, we show that the Nas6 chaperone also obstructs base-lid association. Nas6 alternates between these two inhibitory modes according to the nucleotide state of the base. When ATP cannot be hydrolyzed, Nas6 interferes with base-lid, but not base-CP, association. In contrast, under conditions of ATP hydrolysis, Nas6 obstructs base-CP, but not base-lid, association. Modeling of Nas6 into cryoelectron microscopy structures of the proteasome suggests that Nas6 controls both base-lid affinity and base-CP affinity through steric hindrance; Nas6 clashes with the lid in the ATP-hydrolysis-blocked proteasome, but clashes instead with the CP in the ATP-hydrolysis-competent proteasome. Thus, Nas6 provides a dual mechanism to control assembly at both major interfaces of the proteasome.
T he proteasome, a central component of the ubiquitin-dependent protein degradation system, is the most complex protease known (1) (2) (3) (4) . In the proteasome, the regulatory particle (RP) recognizes ubiquitinated proteins and translocates them in an ATPdependent process into the core particle (CP) to be degraded. The barrel-shaped CP is a stack of four heteroheptameric rings comprising seven α-type and β-type subunits (α 1-7 β 1-7 β 1-7 α 1-7 ). The inner β-rings contain proteolytic sites facing the interior space of the CP. The outer α-rings form a gated entry pore into the CP, thus controlling substrate access to the proteolytic sites (5) . The α-ring also provides radially arrayed docking sites for the RP through seven "α-pockets" formed between subunits. The six ATPases of the RP (Rpt1-Rpt6) insert their C-terminal tails into individual α-pockets, thus joining RP and CP as well as opening the axial gate of the CP for substrate entry (6) (7) (8) .
Five chaperones have been found to promote formation of the Rpt ring during RP assembly (9) (10) (11) (12) (13) (14) (15) . The chaperones bind specific Rpt proteins in a pairwise manner: Rpn14-Rpt6, Adc17-Rpt6, Nas6-Rpt3, Hsm3-Rpt1, and Nas2-Rpt5 (10, 11, (13) (14) (15) . Distinct chaperone modules have been identified, with each containing an Rpt dimer: Rpn14-Rpt6-Rpt3-Nas6, Hsm3-Rpt1-Rpt2-Rpn1, and Nas2-Rpt5-Rpt4 (9, 11, 14, 16) . These modules join to complete the heterohexameric Rpt ring of the base, and the chaperones are expelled as the proteasome holoenzyme (RP-CP) matures (12, 13, 17) . Although phylogenetically distinct, the chaperones, with the exception of Adc17, bind the C domain of cognate Rpt proteins and occlude the proximal C-terminal tails from docking into the CP (12, 13, (17) (18) (19) ; we will refer to them as C-domain chaperones henceforth. The C-domain chaperones can thus prevent free base and free RP from associating with CP.
Recent cryoelectron microscopy (cryo-EM) studies have defined two major states of the proteasome: ATP-hydrolyzing (ATP h ) and ATP-bound (ATPγS) (20) (21) (22) . Proteasomes in the basal ATP h state are active in ATP hydrolysis, whereas in ATPγS proteasomes, representing a high-energy state, all bound nucleotide is unhydrolyzed. A hybrid state sharing features of both ATP h and ATPγS proteasomes has also been resolved (22) . ATPγS proteasomes presumably represent a physiological state because they closely resemble proteasomes trapped with substrate and ATP (20, 21) . The C-domain chaperones obstruct base-CP association when base is in the ATP h state, but not the ATPγS state (17) . Through this mechanism, the C-domain chaperones can prevent premature base-CP complex formation.
Contrary to the extensive knowledge of base-CP complex formation (7, 12, 13, 17, (23) (24) (25) (26) (27) , mechanistic understanding of base-lid complex formation is lacking. The nine-subunit lid is thought to self-assemble without dedicated chaperone proteins (28) (29) (30) (31) , and then joins with the base to form the RP. Based on biochemical and proteomic identification of assembly intermediates, the base and lid appear to be assembled via distinct precursor complexes, which do not overlap in their subunit composition (9-14, 16, 28, 29) . These data raise a question as to whether premature interactions between base and lid complexes are prevented until they are mature. Importantly, the C-domain chaperones have been considered to be critical for the RP assembly process (9) (10) (11) (12) (13) (14) , although the role of these chaperones in base-lid joining has not been examined. In the present study, we investigated whether the C-domain chaperones may regulate base-lid complex formation. Our data demonstrate that the Nas6 chaperone antagonizes both lid-base joining and base-CP joining. Importantly, the specificity of Nas6 activity is determined by the nucleotide state of the base. When ATP hydrolysis is blocked, Nas6 interferes with base-lid association and does not obstruct base-CP association. Conversely, under the conditions
Significance
The proteasome is a molecular machine essential for protein degradation. The proteasome holoenzyme assembles from the association of three subcomplexes: lid, base, and core particle (CP). The base binding chaperones, Nas6, Rpn14, Hsm3, and Nas2, antagonize base-CP interaction. Here, we demonstrate that the Nas6 chaperone also obstructs base-lid association. The specificity of Nas6 activity is determined by the nucleotide state of the base. When ATP hydrolysis is blocked, Nas6 interferes with base-lid association. In contrast, under conditions of ATP hydrolysis, Nas6 interferes with base-CP association. Nas6 uses the mechanism of steric hindrance at both major interfaces of the proteasome: base-lid and base-CP. We demonstrate that Nas6 provides a dual mechanism to control proteasome assembly.
of ATP hydrolysis, Nas6 interferes with base-CP association but does not obstruct base-lid association. Our data demonstrate that Nas6 uses the same mechanism of steric hindrance at both major interfaces of the proteasome: base-lid and base-CP interfaces. We propose that Nas6 provides a finely regulated mechanism to order the events of proteasome assembly in time.
Results
Nas6 Interferes with Base-Lid Complex Formation When ATP Hydrolysis Is Blocked. In the proteasome holoenzyme, the lid binds laterally to the base and projects toward the CP, making close contacts with Rpt3, Rpt6, α1, and α2 (1, 3, 32) . Specifically, we noted that the lid contact sites of Rpt3 within the base appear to overlap with the binding sites of its cognate chaperone, Nas6 (33) . Therefore, we tested whether Nas6 sterically interferes with incoming lid to the base, using the lid-base association assay in vitro. When purified lid was added to base under physiological ATP concentrations, it readily associated with base (Fig. 1A, lane  2) . The Nas6 chaperone did not interfere with this process (Fig.  1A, lane 3) . Whether in the ATP h or ATPγS state, the base was competent to serve as a lid acceptor (Fig. 1A, lanes 2 and 4) . With the addition of Nas6, however, the lid-base interaction was specifically attenuated when the base was in the ATPγS state (Fig. 1A , lane 5). Nas6 associated with the base to a comparable extent in the two nucleotide conditions (Fig. 1A , lanes 3 and 5), consistent with previous findings (17) . With wild-type base, copurifying endogenous Nas6 was sufficient to antagonize lid binding upon incubation with ATPγS (Fig. S1 ). We then examined whether Nas6 also induces dissociation of purified RP into lid and base in the ATPγS state. We immobilized the RP via a lid subunit and added Nas6 in the presence of ATP and ATPγS (Fig.  1B) . Nas6 resulted in a loss of base subunits in the ATPγS state (Fig. 1B , lanes 5 and 6), whereas lid subunit levels remained comparable in both nucleotide conditions, serving as a control that a comparable amount of resin-bound material was used. These data demonstrate that Nas6 also induces dissociation of the base from purified RP upon incubation with ATPγS. Nas6 in the eluates decreases in the ATPγS state because Nas6 dissociates together with the base, and they are removed from the resinbound lid during wash. Taken together, these results show that Nas6 interference with base-lid association is determined by the nucleotide state of the base. Other C-domain chaperones, such as Rpn14 and Hsm3, lack this activity (Fig. S2 ).
The Target of Nas6 Steric Hindrance Is Governed by Nucleotide. To understand the molecular basis of the apparent obstruction of the lid by Nas6, and its nucleotide dependence, we superimposed the previously reported crystal structure of the known Rpt3-Nas6 co-complex (33) onto the cryo-EM structure of the proteasome (22) . Both ATP h and ATPγS states of the proteasome were examined. In the ATP h model, no clash was seen between Rpt3-Nas6 co-complex and lid subunit Rpn6 (Fig. 2A ). In contrast, Nas6 clashed dramatically with Rpn6 in the ATPγS model (Fig. 2B) . The overlap includes the N-terminal α-solenoid of Rpn6 (Fig. 2B) . Interestingly, Rpn6 has been postulated to serve as a molecular clamp at the base-CP interface (1, 3, 32) , and is also thought to be a pivotal regulator of proteasome levels (34) . Our modeling indicates that the positioning of both Nas6 and Rpn6 undergoes dramatic rearrangement in the transition between the ATP h and ATPγS states of the proteasome because their mutual interaction partner, Rpt3, is at a critical location for conformational changes in the Rpt ring (20) (21) (22) (Fig. S3 ). In addition, the lid exhibits a global conformational change (3, 31) upon incorporation into the proteasome, including the repositioning of Rpn6. Consistent with our previous work (13, 17) , the clash between Nas6 and the CP α2 subunit was prominent in the ATP h state, but absent in the ATPγS state ( Fig. 2 C and D) . In summary, modeling the known Nas6 structure into proteasome structures is in close agreement with our experimental data that Nas6 acts as a negative regulator during proteasome assembly (12, 13, 17) and suggests, more specifically, that a clash between Nas6 and the lid subunit Rpn6 is responsible for inhibition of lid joining to the base in the ATPγS state (Figs. 1 and 2B).
Given the Nas6-mediated steric occlusion in both the ATP h and ATPγS proteasome states ( Fig. 2 B and C), we investigated how Nas6 can promote proteasome formation rather than constitutively inhibit it. We hypothesized that these inhibitory interactions might be self-limiting if Nas6-mediated interference could be relieved by the eviction of Nas6 from the base as the lid and CP each bind. Therefore, we loaded the Nas6 chaperone on immobilized base and monitored Nas6 release as the base associates with lid or CP (Fig. 2E ). With ongoing ATP hydrolysis, Nas6 was released as the base-CP complex forms (Fig. 2E , compare lanes 2 and 4). The lid further joined to form the holoenzyme (Fig. 2E , lane 5). When ATP hydrolysis was inhibited, Nas6 was partially displaced from the base upon lid addition (Fig. 2F, lane 3) . However, stable baselid complexes failed to form, indicating robust Nas6 interference with the formation of free base-lid complexes, consistent with the results of Fig. 1A (lane 5). Interestingly, Nas6 interference with base-lid association is neutralized as the CP joins to form the proteasome (Fig. 2F , lane 5, lid-base-CP complex), even though Nas6 remains present in the complex. Thus, when both base-lid and base-CP interfaces form, the clash between Nas6 and Rpn6 at the base-lid interface (Fig. 2B ) can apparently be relieved by the base-CP interface specifically in the ATPγS state (Fig. 2D ). Nas6 interference in base-lid association is therefore highly selective for assembly intermediates as opposed to the holoenzyme.
Based on the results from proteasome association assays in vitro ( Fig. 2F) , we examined the possibility that Nas6 can be present in the proteasome holoenzyme without destabilizing it in vivo. Note that in wild-type cells, Nas6 is substoichiometric to proteasome subunits (35) and associates preferentially with assembly intermediates versus the holoenzyme (9, 11, 13, 14) . We overexpressed Nas6 and isolated endogenous proteasomes ( Fig. 2 G and H), using Base lacking Nas6 was affinity-purified from nas6Δ strain via a chromosomally integrated protein A-tobacco etch virus (TEV) affinity tag appended to the N terminus of RPT1, and retained on IgG resin (17) . Immobilized nas6Δ base (∼0.8 pmol) was incubated with lid (2 pmol) with or without recombinant Nas6 (18 pmol) in the presence of ATP or ATPγS (1 mM). The base-bound materials were washed with buffer containing 150 mM NaCl, and eluted with TEV protease. The eluates were analyzed by 12% (vol/vol) SDS/PAGE and immunoblotting for lid (Rpn8 and Rpn12) and base (Rpt3 and Rpt6) subunits. (B) Nas6-mediated dissociation of the base from the RP in the ATPγS state. Immobilized nas6Δ RP (∼1 pmol) was incubated in the presence of indicated nucleotides (1 mM) with or without Nas6 (++, 36 pmol; +, 18 pmol). Following washing and elution as in A, the eluates were analyzed for base (Rpt1 and Rpt5) and lid (Rpn8 and Rpn12) subunits. Note that the RP is immobilized via the lid subunit Rpn11. Nas6-mediated inhibition of the interaction between the base and lid results in loss of the base.
an affinity tag appended to a CP subunit, β4, to exclude purification of free RP that is in complex with chaperones. Nas6 was readily detectable on proteasomes purified from Nas6-overexpressing cells in both the ATP h and ATPγS states (Fig. 2G ), indicating that Nas6 was retained on the proteasome holoenzyme. We then analyzed the overall assembly status of the proteasome holoenzyme via native PAGE and in-gel peptidase assays using the fluorogenic substrate LLVY-AMC (Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin). Nas6 overexpression decreased the level of proteasome holoenzyme as isolated in the ATP h state ( Fig. 2H ; RP 2 -CP, ATP) with a concurrent increase in free CP, indicating that Nas6 interferes with the base-CP interface as predicted (12, 13) (Fig. 2C ). However, Nas6 had no effect on the stability of proteasomes in the ATPγS state ( Fig. 2H ; ATPγS). Nas6-containing proteasomes did not exhibit an accumulation of free lid or base-CP. In agreement with our in vitro data (Fig. 2F, lane 5) , Nas6 does not appear to antagonize the lid when the lid is in direct contact with the base and CP within the proteasome holoenzyme, because base-CP can accommodate Nas6 without steric clash in ATPγS (Fig. 2D) .
Taken together, these results suggest that the two interfaces of the proteasome are linked in their formation. In particular, formation of the base-CP interface in the ATPγS state may promote base-lid formation by relieving Nas6-mediated inhibition against the lid, thus facilitating ordered addition of subcomplexes to form the nascent proteasome. In the ATPγS state, the CP can attenuate Nas6 interference without releasing it, whereas in the ATP h state, the CP attenuates Nas6 interference with lid-base joining by promoting eviction of Nas6, thereby completing the formation of the proteasome holoenzyme. Also, Nas6-containing proteasomes could reflect the existence of a class of proteasome that is in neither the ATP h nor ATPγS state. A hybrid form of the proteasome was recently described by cryo-EM in which the lid and base are found in the ATPγS and ATP h states, respectively (22) . A proteasome in which, conversely, the base is in the ATPγS state and the lid is in the ATP h state would be predicted to be competent for Nas6 binding.
Nas6 Clashes Against the Lid Subunit Rpn6. To understand the basis for the effects of Nas6 on the lid-base interface, we examined whether the steric hindrance of Nas6 against the lid subunit Rpn6 is due to their positioning depending on nucleotidedependent contacts between Rpn6 and the ATPases in the base (Fig. 2B) . We disabled Rpn6 contacts with ATPase subunits of the base specifically to relieve the Nas6 clash at the lid-base interface. Based on the crystal structure of Rpn6 (32), three substitutions were introduced into Rpn6 at its contact sites with Rpt3 to form the Rpn6-SYE allele (S237, Y238, E241), whereas two additional substitutions at the nearby Rpt6 contact sites were added as well to create the Rpn6-TTSYE allele ( Fig. 3A; T199 , T203, S237, Y238, E241). Rpn6 SYE residues prominently contact Rpt3 in the ATPγS-state proteasome, but not in the ATP h -state proteasome. In contrast, Rpn6 TT (T199, T203) residues contact Rpt6 in both the ATPγS and ATP h states (Fig.  S4) . Abrogating Rpn6 contacts with both Rpt3 and Rpt6 is predicted to relieve Nas6 interference in the lid-base interface and to result in a failure to evict Nas6 from the proteasome holoenzyme. Indeed, endogenous Nas6 was retained on the proteasome holoenzymes isolated from the rpn6-TTSYE cells in both the ATP h and ATPγS states (Fig. 3B, i, lanes 2 and 6) ; we (22)]. The Nas6-Rpt3 crystal structure [PDB ID code 2DZN (33)] was used to dock Nas6 onto the proteasome. PyMOL (39) was used to superimpose the Rpt3 C domain (green) from the Nas6-Rpt3 complex and its counterpart (red) from the proteasome. The Rpt ring (orange) of the base and Rpn6 (magenta) of the lid are shown. (C and D) Docking of Nas6 (cyan) at the base-CP interface of the proteasome holoenzyme structures as in A and B. The CP α2 subunit (orange), α-ring (yellow), and Rpt3 C domain, as in A and B, are shown. In the ATPγS state, the Nas6 C terminus is sterically occluded by Rpn6 aa 209-215 (helix 8-9), aa 244-252 (helix 10-11), and aa 280-291 (helix 12-14) (B), but is distant from α2 (D). In the ATP h state, Nas6 does not clash significantly with Rpn6 (A) but rather with α2 (C). (E and F) Proteasome assembly assays. Nas6 releases from ATP h proteasomes (E), but remains on ATPγS proteasomes (F). Immobilized nas6Δ base (∼0.8 pmol) was loaded with Nas6 (∼21 pmol) with ATP (E) or ATPγS (F), and incubated with CP (2 pmol), lid (3.3 pmol), or both. Base-associated material was analyzed via 12% (vol/vol) SDS/PAGE and immunoblotting for lid (Rpn8, Rpn12) and base (Rpn1, Rpt3) subunits. (G) Proteasome holoenzymes were purified via Pre1-TEV-ProA from Nas6-overexpressing cells (Nas6 o.e.) in ATP and ATPγS (1 mM). Nas6 level was assessed via 12% (vol/vol) SDS/PAGE and immunoblotting. (H, Top) Purified proteasomes from G were subjected to 3.5% (vol/vol) native PAGE and activity assay using the fluorogenic peptide substrate LLVY-AMC. (H, Middle) SDS (0.02%) activates latent CP activity (5) . (H, Bottom) Proteasome levels were assessed by immunoblotting. Rpn8 is a lid subunit, and RP 2 -CP and RP-CP are proteasome holoenzymes.
will refer to the rpn6-TTSYE allele as rpn6-mut henceforth. These results show that the Nas6 steric clash against the lid is due to the positioning of Rpn6 via its contacts with Rpt3 and Rpt6.
On native gels, proteasome holoenzymes from rpn6-mut were comparable to wild type in the ATPγS state (Fig. 3B , ii, compare lanes 5 and 6; RP 2 -CP, RP 1 -CP), indicating that altered positioning of Rpn6 does not compromise proteasome stability. In agreement with the loss of steric hindrance of Nas6 against the lid subunit Rpn6, proteasome holoenzyme levels appeared similar between rpn6-mut and nas6Δ rpn6-mut (Fig. 3B , ii, compare lanes 6 and 8; RP 2 -CP, RP 1 -CP). Free CP in rpn6-mut became undetectable in nas6Δ rpn6-mut in the ATPγS state (Fig. 3B, iii, compare lanes 6 and 8), indicating that RP-CP association stabilizes the proteasome upon the removal of Nas6, which is otherwise retained in the rpn6-mut proteasome (Fig. 3B, i, lane 6) .
Both rpn6-mut and nas6Δ rpn6-mut in the ATP h state exhibited a decrease in doubly capped holoenzyme species (RP 2 -CP), with an accompanying increase in free CP (Fig. 3B, iii, lanes 2 and 4, and  Fig. S5A ). The level of free CP slightly decreased in nas6Δ rpn6-mut relative to rpn6-mut in the ATP h state (Fig. 3B, iii, lanes 2 and 4) , but to a lesser extent than in their counterparts in the ATPγS state (Fig. 3B, iii, lanes 6 and 8) . Thus, the interaction between RP and CP becomes unstable in rpn6-mut in the ATP h state, consistent with a unique capacity of Rpn6 to serve as a molecular clamp for the proteasome (32): Rpn6 establishes contacts with the CP through the same N-terminal tetratricopeptide repeat (TPR) domain that projects over Rpt3 and Rpt6 in the ATP h state (Fig. S3B) . In summary, our results suggest that successful contacts of Rpn6 with Rpt3 and Rpt6 of the base are critical for Rpn6 to interact productively with the CP, and thus stabilize the ATP h state of the proteasome.
To validate that the contacts of Rpn6 with Rpt3 and Rpt6 form the basis for a steric clash with Nas6, we examined whether the rpn6-TTSYE substitution abrogates Nas6 interference by using base-lid association assays. If the rpn6-mut lid still clashes with Nas6, the rpn6-mut lid should not form a stable lid-base complex when Nas6 is present. The rpn6-mut lid interacted with the base comparably in both the ATP h and ATPγS states (Fig.  3C, lanes 2 and 4) , indicating that the compound substitution did not affect binding of the rpn6-mut lid to base. Importantly, when Nas6 was added, the rpn6-mut lid maintained a stable complex with the base (Fig. 3C, lanes 3 and 5) . In addition, when Nas6 was loaded on the base and incubated with the rpn6-mut lid, Nas6 did not release from the base in either the ATP h or ATPγS state (Fig. 3D, lanes 3 and 6) .
The rpn6-mut cells exhibited an increased sensitivity to canavanine, an arginine analog that generates protein misfolding and, consequently, proteasome stress (Fig. S5B) . The growth phenotypes of nas6Δ mutants alone are not readily detectable due to compensatory mechanisms, including Rpn4-mediated proteasome induction (13) and the cooperative function of other C-domain chaperones (9, 13, 14) . Consistent with loss of Nas6 interference in rpn6-mut (Fig. 3 B-D) , the nas6Δ rpn6-mut double mutants did not show additional growth defects relative to the rpn6-mut single mutants in the presence of canavanine.
Nas6 Regulates Endogenous Base-Lid Association and Proteasome
Function. Given robust Nas6 interference against the lid binding to base before holoenzyme formation, we examined whether endogenous Nas6 at its physiological level also obstructs lid-base association in vivo. We supplemented ATP or ATPγS to the yeast cell lysates and affinity-purified Nas6-associated complexes through a FLAG-affinity tag integrated into its chromosomal locus (Fig. 4A ). Nas6 associated with RP more than base in the ATP h state ( Fig. 4A; ATP) . Importantly, with ATPγS present in cell lysates, Nas6-bound RP diminished, whereas Nas6-associated base, serving as an internal control, remained largely the same ( Fig. 4A; ATPγS) . These results are as predicted by the hypothesis that the lid and Nas6 compete for binding to the base in a nucleotide-dependent manner. We confirmed that ATPγS decreased the yield of lid subunits by immunoblotting ( Fig. 4B;   Fig. 3 . Nas6-lid clash is driven by Rpn6. (A) Using a segmented density map of the 26S proteasome (3), the Rpn6 crystal structure [PDB ID code 3TXN (32)] was fit into the segments corresponding to the Rpn6 in chimera (40) . Rpn6 (gray), Rpts (blue), and CP (green) are shown. (Bottom) Rpn6 amino acid residues that contact Rpt3 (orange; S237, Y238, E241) and Rpt6 (red; T199, T203) are highlighted in yellow. (B) Proteasome holoenzymes from rpn6-TTSYE mutants were subjected to SDS/PAGE and immunoblotting for Nas6 and Rpt6 [i], and were analyzed via native PAGE and LLVY-AMC activity assays [ii, iii]. The rpn6-mut indicates the rpn6-TTSYE allele harboring amino acid substitutions: T199K, T203K, S237A, Y238A, and E241A. wt, wild type. (C and D) Base-lid association assays showing the loss of Nas6 interference against the rpn6-mut lid. Immobilized nas6Δ base (∼0.8 pmol) was incubated with or without Nas6 (21 pmol) and mixed with the rpn6-mut lid (∼4.4 pmol). Base-bound materials were analyzed via 12% (vol/vol) SDS/PAGE and immunoblotting. Rpn5 and Rpn8 are lid subunits, and Rpn1 is a base subunit. Fig. 4 . Nas6 regulates endogenous RP abundance via nucleotide-mediated inhibitory control. (A) Endogenous Nas6 interferes with base-lid association in the ATPγS state. Endogenous chaperone complexes were affinity-purified via 3×FLAG tags appended to the C termini of the individual chaperones, and were subjected to 3.5% (vol/vol) native PAGE and Coomassie staining. (B) Loss of lid subunits from endogenous Nas6-RP complex in the ATPγS state. Affinity-purified chaperone complexes as in A were analyzed by 12% (vol/vol) SDS/PAGE and immunoblotting (IB) with antibodies for lid (Rpn8, Rpn12) and base (Rpt5, Rpn1) subunits. (C) Whole-cell lysates (80 μg) were subjected to 3.5% native PAGE and immunoblotting for base (Rpt5) and lid (Rpn5) subunits. (D) Yeast cell growth assay. Individual chaperone knockout strains were transformed with a URA3-marked Sec61-2L-expressing plasmid and grown in threefold serial dilutions on media lacking uracil. Deficient proteolysis, leading to the accumulation of Leu2 protein, was monitored on synthetic media lacking both uracil and leucine. ATPγS). Unlike Nas6, the Rpn14 and Hsm3 chaperones associated mainly with the base and did not copurify with lid subunits (Fig. 4 A and B) . Nas2 did not associate with the base due to its being released before completion of the Rpt ring formation (36) (Fig. 4 A and B) . In summary, Nas6 interference can control the abundance of the endogenous RP species depending on the nucleotide state of the complex, in agreement with the data from the RP association experiments in vitro (Figs. 1 and 2) .
Given that base assembly intermediates bind ATP but lack the hydrolytic activity (24, 37), Nas6 interference with the lid in the ATPγS state (Figs. 1-3) suggests that Nas6 obstructs lid binding during base assembly to complete the heterohexameric Rpt ring before base-lid association. To test this hypothesis, we deleted NAS6 in a panel of chaperone knockout strains that lack each chaperone singly and in combination, and examined the base assembly intermediates, the Rpt5-Rpt4 and Rpt1-Rpt2 modules, together with the base, lid, and proteasome holoenzyme via native PAGE and immunoblotting. First, we examined the Rpt5-Rpt4 module. The nas6Δ single mutants accumulate the Rpt5-Rpt4 module relative to wild type (Fig. 4C, Top, compare lanes 1 and 2) . Importantly, the Rpt5-Rpt4 module noticeably accumulates in all double mutants lacking NAS6, nas6Δrpn14Δ, nas6Δhsm3Δ, and nas6Δnas2Δ relative to the single mutants (Fig. 4C , Top, compare lanes 4, 6, and 8 with lanes 3, 5, and 7, respectively). The base is nearly undetectable in these mutants (Fig. 4C , Top, lanes 4, 6, and 8). As long as Nas6 is present, the Rpt5-Rpt4 module does not substantially accumulate in other chaperone mutants: rpn14Δhsm3Δ, hsm3Δnas2Δ, rpn14Δnas2Δ, and rpn14Δhsm3Δnas2Δ (Fig. 4C , Top, lanes 9, 11, 13, and 15). When NAS6 is deleted in each of these mutants, the Rpt5-Rpt4 module accumulates and the RP 2 -CP species diminish (Fig. 4C, Top, lanes 10,  12, 14, and 16 ). The levels of the proteasome holoenzymes are consistent with their activities (Fig. S6A) . Similarly, immunoblotting analysis of the Rpt1-Rpt2 module also shows that it accumulates whenever NAS6 is deleted (Fig. S6B ). These results demonstrate that Nas6 is distinctly required for all three Rpt modules to assemble productively into the Rpt ring, supporting the unique role of Nas6 in obstructing the lid during base assembly.
We examined whether loss of Nas6 results in premature lidbase association in the chaperone mutants, thereby disrupting base assembly. Because the lid binding site is present in the Rpt3-Rpt6 module (Fig. 3A) , we conducted affinity purification with 3×FLAG-tagged Rpn14, the cognate chaperone for Rpt6, using the nas6 double mutants nas6Δhsm3Δ and nas6Δnas2Δ, as well as their single mutants (Fig. S7) . Importantly, the lid species are readily detected in Rpn14-associated complexes in both double mutants lacking NAS6, suggesting premature joining of the lid to the base species (Fig. S7, lanes 5 and 6) . Multiple diffuse lid-base bands indicate that deregulated lid joining disrupts ongoing base assembly.
The lid has been shown to self-assemble (29) . Deficient base assembly leads to accumulation of free lid in whole-cell extracts in all double mutants lacking Nas6, nas6Δrpn14Δ, nas6Δhsm3Δ, and nas6Δnas2Δ, supporting that Nas6 action is crucial for proper baselid association (Fig. 4C, Bottom, lanes 4, 6, and 8) . The free lid in hsm3Δ does not reflect direct regulation of the lid contact sites by Hsm3 (Fig. 4C , Bottom, lane 5), but indicates deficient formation of the cognate Rpt1-Rpt2 module (10, 18) (Fig. S6B, lane 5) . Furthermore, free lid accumulates specifically when NAS6 is deleted in rpn14Δhsm3Δ, hsm3Δnas2Δ, rpn14Δnas2Δ, and rpn14Δhsm3Δnas2Δ mutants (Fig. 4C , Bottom, compare lanes 9, 11, 13, and 15 with lanes 10, 12, 14, and 16, respectively). Therefore, lid accumulation mainly results from loss of Nas6 function rather than general defects in base assembly. Taken together, these results support that Nas6 interference with the lid (Figs. 2B, 2F, and 3 ) provides a mechanism to order the events of Rpt ring assembly and lid joining for the formation of the proteasome holoenzyme.
To determine whether the distinct role of Nas6 in proteasome assembly is reflected in proteasome function in vivo, we tracked proteasome-mediated degradation of Sec61, a protein of the endoplasmic reticulum, in nas6 mutants (Fig. 4D) . A sensitive Sec61-derived reporter, Sec61-2L, in which the Leu2 protein is fused to Sec61, provided for a plate assay in which defective protein degradation allows for cell growth in the absence of leucine (38) . General growth properties were comparable among individual chaperone knockout cells (Fig. 4D, −Ura) . However, nas6Δ cells uniquely exhibited restoration of growth on media lacking leucine, indicating a defect in Sec61-2L degradation (Fig.  4D , −Ura/−Leu). We confirmed that proteasomes in nas6Δ cells are functionally defective and cannot efficiently degrade Sec61-2L using a cycloheximide chase assay (Fig. S8) . In addition to Sec61-2L, the nas6Δ mutants accumulate polyubiquitinated proteins upon heat stress at 37°C, indicating general defects in cellular protein degradation (Fig. S9) . These results suggest that the distinct role of Nas6 in the regulation of proteasome assembly is also reflected in perturbed proteasome function in vivo.
Discussion
During proteasome biogenesis, the base, lid, and CP assemblies join. The centrally positioned base is the linchpin of these associations (1-4). These late steps in assembly are intricately regulated by a cohort of base binding molecular chaperones, including Rpn14, Nas6, Hsm3, and Nas2. Their common function is to negatively regulate the interaction between the base and CP (12, 13, (17) (18) (19) 26) . Here, we report a complementary mechanism that is specific to the Nas6 chaperone and that governs the base-lid interaction ( Fig. 5 and Fig. S10 ). Nas6 potently antagonizes baselid association through steric hindrance, the same type of mechanism used by the C-domain chaperones to regulate base-CP association. However, the negative regulation of the base-lid interaction by Nas6 only occurs in one of the two major states assumed by the base, the ATPγS state. In contrast, for Nas6, as well as its relatives Hsm3 and Rpn14, the suppression of base-CP joining is relieved by ATPγS (17) . Thus, the dynamic nucleotide state of the proteasome governs its assembly through complementary mechanisms under the direction of Nas6.
The ability of Nas6 to regulate the base-lid interface is linked to the assembly state of the proteasome not only via its dependence on nucleotide hydrolysis but also through the base-CP (36) . In this state, Nas6 (red) obstructs the lid (light blue) binding to Rpt3 and Rpt6 to promote the heterohexameric Rpt ring formation. This diagram depicts a representative early intermediate (36) . Early-assembly intermediates may also contact the CP (Fig. S10) , which can serve as a template for Rpt ring assembly (17) . Non-ATPase subunits of the base (Rpn1, Rpn2, Rpn13) are omitted for clarity. (Center) Fully formed Rpt ring initiates ATP hydrolysis. Nas6 and the other chaperones interfere with Rpt ring-CP interaction (17), but they now permit base-lid assembly due to a conformational change in the base from the s3 (ATPγS) to s1 (ATP h ) state (22) . In addition, chaperone-base-CP complexes may form (Fig. S10) because the base also exists in the s3 (ATPγS) state (22, 41) , which can accommodate the chaperones at the base-CP interface (17) (Fig. 2D) . (Right) Lid-base-CP complex forms, resulting in eviction of the chaperones and completion of the proteasome holoenzyme.
interaction. Thus, Nas6 readily splits the RP into base and lid, but does so poorly, if at all, when challenged with mature proteasomes, despite the ability of Nas6 to bind these proteasomes (Fig. 2 F-H) . The specificity of Nas6 for regulating nascent forms of the proteasome was found to be linked to Rpn6, as indicated by the ability of targeted mutations in Rpn6 to abrogate base-lid interference (Fig.  3) . Thus, the steric hindrance between these two proteins is destabilizing to the RP but is accommodated in the holoenzyme, perhaps because holoenzyme-specific Rpn6-CP contacts suffice to stabilize this complex (3, 32) .
The intricate nucleotide dependence on the action of the C-domain chaperones is expected to link the mode of chaperone activity to the assembly state of the nascent proteasome, because intermediates in assembly of the Rpt ring are thought to bind, but not hydrolyze, nucleotides (24, 37) . Therefore, in our model of assembly, the base is formed in the ATPγS state and only transitions to the ATP h state after Rpt ring closure (Fig. 5 and Fig. S10 ). In early intermediates, Nas6 will hinder base-lid interactions but allow base-CP contacts, whereas in late intermediates, in which the ATP h state predominates over the ATPγS state, Nas6 and the other C-domain chaperones hinder base-CP contacts but allow base-lid contacts. Late intermediates give rise to mature proteasomes by chaperone eviction, which is principally accomplished by the ability of CP to outcompete the chaperones in the ATP h state (13, 17) . Because both the base and lid assemble through a multitude of intermediates (9-14, 16, 29) , Nas6 may serve to suppress not only the interaction of base and lid but also interactions between partially assembled precursors of these complexes, and thus help to ensure that only a fully and properly assembled base and lid can join to form the RP.
Materials and Methods
A complete list of yeast strains is provided in Table S1 . All biochemical and genetic experiments were performed at least twice. Detailed procedures for base-lid association assays and affinity purification of proteasomes and chaperone complexes are described in Supporting Information.
